Rapid urbanization on streamflows may directly affect or be restricted by the sustainability of local water resources. This is particularly true for arid/semiarid areas such as the Wulanmulun River 2005. For the study watershed, low impact development practices (e.g. rain barrels) may need to be implemented during urbanization to achieve sustainable management of water resources.
INTRODUCTION
the frequency of discharge, velocity, and water depth using MIKE SHE and MIKE-11, a 1-D hydrodynamic river model. All of these studies rely heavily on computer models to predict the effects of urbanization on hydrology, but as all the computer models require detailed data that may not be available for many watersheds, including the Wulanmulun River watershed, their applications are limited in practice and may be subject to various unreasonable assumptions. For a given hydro meteorological time series
gwith a sample size of n, its trend can be detected using the following seven sequential steps:
1. Compute the Sen's slope (Sen ), Q, of the time series using Equations (1) and (2):
T i is computed by:
where
and then assign consecutive ranks, y j ¼ 1 to n for the smallest to the largest, to this new time series to obtain y 1 , y 2 , . . . , y n f g .
3.
Compute the lag-ith serial autocorrelation coefficients ρ (i) (Equation (3)) using these ranks (Sen ; Zetterqvist ) and ensure the coefficients are statistically significant at a significance level of α ¼ 0.05 based on t-test statistics (Equation (4)):
where y is the mean of ranks y 1 , y 2 , . . . , y n f g ; and
4. Compute the ratio of n n Ã S and the variance var Ã (S) as:
where n p is the number of distinct ties, and m p is the number of tied data points in the pth tie.
Compute the conventional Mann-Kendall statistics of S
as (Mann ; Kendall ):
6. Compute the modified Mann-Kendall test statistics of Z* as (Hamed & Rao ): 
where z and y are the vectors of z x and y x with n elements; r k z, y ð Þ is the correlation coefficient; and k is the index number of the elements.
A relationship can be judged statistically significant at a given confidence level if r k x, y ð Þ j jis greater than Fisher's smallest correlation coefficient ( r 0k j j min ) for a confidence level of
j< r 0k j j min , z and y are judged to be independent; and if r k x, y ð Þ j j ! r 0k j j min , z and y are judged to be correlated with each other, with a larger value of r k x, y ð Þ j jindicating a stronger correlation.
r 0k j j min can be computed as:
where t p is the critical value of the student-t distribution that gives a cumulative probability of p.
Synthesis of runoff-influencing factors
In order to further understand how various factors of climate and urbanization interact to influence runoff, those factors with a higher dependence (i.e. a greater correlation coefficient) were synthesized using principal component analysis (PCA), an eigenvector-based multivariate analysis method that converts a high-dimensional into a lowerdimensional data space and can be used to reveal the internal data structure. PCA uses an orthogonal transform- 
RESULTS

Temporal variations in the precipitation and runoff
At an annual scale, although the precipitation fluctuated from year to year with an insignificant decreasing trend (p-value ¼ 0.685), the runoff exhibited an obvious decreasing trend (p-value ¼ 0.001) ( Figure 2 and Table 2 ). The (Table 3 ). This is comparable with that measured at the annual scale (83.2%).
At a monthly scale, as expected, the three winter months (1); S: Equation (7); and Z*: Equation (9). can be further verified by looking at the runoff coefficient.
The annual runoff coefficient tended to become smaller with time ( Figure 5(a) ) and its decreasing trend is significant (p-value ¼ 0.000, Table 4 ). Although the runoff in the wet season was larger than in the dry season, the runoff coefficient for the wet season was smaller. As with the annual runoff coefficient, the runoff coefficients for both the wet and dry seasons tended to become smaller, with significant decreasing trends (p-value < 0.003) ( Table 4 (Table 7) .
Averaged across the 4 years from 1997 to 2011, the major land uses across the watershed were 80% fallow, 10% vegetation, and 10% urban and water. However, there was a rapid expansion of urbanized areas around 2005 at the expense of other types of land uses (Figure 7) . From 1997 to 2011, the urbanized area increased from less than 1% to nearly 12% of the total watershed area (i.e. more than twelve-fold), while from 2005 to 2011, the urbanized area increased almost ten-fold (Table 8 ). In contrast, the water and fallow areas decreased substantially, with the water area Sen's slope: Equation (1); S: Equation (7); and Z*: Equation (9). b *: significant at a significance level of α ¼ 0.05. twice that from 1997 to 2005 (Table 9 ). This coincided with a more than ten-fold increase in both TIP and CIP, indicating that the study watershed experienced rapid urbanization after 2005, although the increases in population (20%) and PIP (100%) were relatively smaller than for the other socioeconomic indexes.
Relationship between runoff and urbanization
At the 95% confidence level, runoff was found not to be significantly correlated with any of the climate factors ( r k z, y ð Þ j j< r 0k j j min ¼ 0.495), but it was judged to be significantly correlated with the socioeconomic variables (i.e. urbanization) ( r k (z, y) j j> r 0k j j min ) (Table 10) . Thus, the climate variables were dropped from the further analysis.
Because the correlations tended to become better with natural log-transformed data, the relationship was established in terms of transformed runoff and socioeconomic variables.
The socioeconomic variables were found to be highly correlated (Table 11 ). The PCA analysis (Tables 12 and 13) showed that the first PC (Equation (12)) explained more than 99% of the variances presented in the data, and thus was used as the synthesized variable of the socioeconomic variables. The synthesized variable, FPC, was determined as:
Regardless of the time scale, the plots of natural log- predicted a mere 0.2% increase in annual runoff for an increase in the impervious area from 3 to 31% in the (1); S: Equation (7); and Z*: Equation (9). b *: significant at a significance level of α ¼ 0.05. For the Wulanmulun River watershed, the fluctuations in the climate variables did not exhibit any significant trends ( Figure 6 and Table 6 ), whereas the urbanized area and other socioeconomic indexes consistently showed increasing trends ( Figure 8 and Table 9 ). Thus, it appears likely that urbanization, rather than climate, is the major cause of the decrease in runoff observed ( Figure 9 and Table 10 ). One explanation is that although the increased impervious area resulting from urbanization would tend to make the peak discharge higher, this runoff was being intercepted and collected by various drainage facilities and used for environment greening and industrial development in this semi-arid region of China, leaving less runoff to flow into the Wulanmulun River. Another explanation is that because of the increase in vegetated areas (Table 8) (Table 3) .
For any given time scale, the maximum precipitation and the maximum runoff did not occur in the same year, which seems to violate the general principles of hydrology. : calculated using observed data; LogT: calculated using natural log-transformed data; PIP: primary industry products; SIP: secondary industry products; TIP: tertiary industry products;
and CIP: construction industry products;. b *: significant correlation at 95% confidence level. One possible reason is that the maximum precipitation might be due to highly localized heavy storms in areas near the rain gauges that did not actually generate large amounts of runoff at the outlet of the study watershed.
Another possible explanation is that the transpiration demand tends to exponentially increase with precipitation because of the better growth of vegetation (Jiang et al.
; Wang et al. ).
As a result, the soil moisture may be reduced to a level at which soil storage became phenomenal. Once the total increased transpiration demand and soil storage exceeded the increase in precipitation, which could be the case for a year with very high precipitation, the increased precipitation would be associated with a decreased runoff (Figure 3(a) ).
The runoff coefficient in the wet season was found to be smaller than that in the dry season ( Figure 5(a) ). This is consistent with the findings reported by Muleta (), but seems contrary to both common sense and the findings of Tang For example, the runoff generated in a wet season could 
CONCLUSIONS
This study examined temporal trends in the runoff and the possible influence of urbanization in the rapidly-developing Wulanmulun River watershed of China for the years 1997 to 2012. The examination was conducted at annual, seasonal, and monthly time scales using a data-driven approach consisting of data exploratory analysis, the modified MannKendall method, and PCA. Time series data for land use, hydrometeorology, and socioeconomics were also utilized.
The results revealed that the runoff from the study watershed 
